The Bacillus cereus group comprises numerous closely related species, including bioterrorism 12 agent B. anthracis, foodborne pathogen B. cereus, and biopescticide B. thuringiensis. 13 Differentiating organisms capable of causing illness or death from those used in industry is 14 essential for risk assessment and outbreak preparedness. However, current species definitions 15 facilitate species-phenotype incongruencies, particularly when horizontally acquired genes are 16 responsible for a phenotype. Using all publicly available B. cereus group genomes (n = 2,231), 17
will remain interpretable to clinicians, without sacrificing genomic species definitions, which can 23 in turn aid in pathogen surveillance, early detection of emerging, high-risk genotypes, and 24 outbreak preparedness. Furthermore, the nomenclatural framework outlined here serves as a 25 model for genomics-based bacterial taxonomy which moves beyond arbitrarily set 26 genomospecies thresholds, while maintaining congruence with phenotypes and historically 27 important species names. 28 29 INTRODUCTION species in 2017, 19 the well-researched foodborne pathogen referred to as emetic "B. cereus" 1,20-22 76 technically belongs to the B. paranthracis genomospecies cluster based on a conventional ANI 77 threshold of 95. 23 This is problematic, as this taxonomic assignment likely bears little meaning 78 to anyone not well-versed and up-to-date with B. cereus group taxonomy, including clinicians. 79
Current definitions of B. cereus group species are further proven to be outdated as the amount of 80 publicly available genomic data grows and continues to reveal increasing genomic and 81 phenotypic diversity within the group. Between April 2017 24 and March 2018, the number of 82 assembled B. cereus group genomes available in the National Center for Biotechnology 83
Information's (NCBI's) RefSeq 25 database more than tripled, implying that there are likely 84 unexplored portions of the B. cereus group phylogeny. 85
Genomic and taxonomic semantics aside, phenotypic characteristics used for species 86 assignment (e.g., motility, hemolysis, emetic toxin production) are known to vary within and 87 among species. 9,10, 26, 27 This is particularly problematic in cases where the genomic determinants 88 responsible for a clinically or industrially relevant phenotype are plasmid-mediated, such as 89 synthesis of anthrax toxin/capsular proteins, 28-31 bioinsecticidal crystal proteins, [32] [33] [34] or cereulide 90 (emetic toxin) synthetase proteins. 35, 36 These traits can be lost or gained, heterogeneous in their 91 presence within a species, or present across multiple species. 92
Current species definitions do not account for species-phenotype incongruencies, which 93 can lead to potentially high-consequence misclassifications of an isolate's virulence potential. 94
For example, strains exhibiting phenotypic characteristics associated with "B. cereus", such as 95 motility, can cause anthrax in humans and animals 37-40 , while B. anthracis which lack the genes 96 required for anthrax toxin and capsule formation have attenuated virulence. 41 The problem at 97 hand requires the construction of an ontological framework which is accurate in terms of its 98 7 input for the command-line implementation BtToxin_scanner version 1.0 122 (BtToxin_scanner2.pl), 45 which was used to identify insecticidal toxin genes associated with B. 123 thuringiensis (Bt toxins) in each genome using the default settings. 124
Calculation of pairwise average nucleotide identity values, hierarchical clustering, and 125 identification of medoid genomes. FastANI version 1.0 15 was used to calculate pairwise 126 average nucleotide identity (ANI) values between each of the 2,231 genomes (4,977,361 total 127 comparisons). To ensure that the breakpoints and shape of the distribution of pairwise ANI 128 calculations were robust to genome ambiguity, all pairwise ANI values were calculated a second 129 time, with ambiguous nucleotides (i.e., those not belonging to the set { , , , }) removed from 130 each genome (Supplementary Figure S1 ). Robustness was further assessed by removing genomes 131 (i) falling below various N50 thresholds (i.e., £ 10 Kbp, 20 Kbp, 50 Kbp, and 100 Kbp), and/or 132 (ii) containing any contigs classified in domains other than Bacteria, phyla other than Firmicutes, 133 and/or genera other than Bacillus using Kraken version 2.0.8-beta 46,47 and the complete standard 134
Kraken database (accessed August 6, 2019; Supplementary Figure S1 ). For each data set, a 135 histogram of all pairwise ANI values was plotted in R version 3.6.0, 48 using the ggplot2 package 136 (Supplementary Figure S1 ). 49 For the identification of a final set of medoid genomes at various 137 thresholds (described below), all genomes with an N50 > 20 Kbp in the original set of 2,231 138 NCBI RefSeq genomes were used in all subsequent steps (n = 2,218; Supplementary Table S1  139 and Supplementary Figure S1 ). 140
For each data set, the resulting pairwise ANI values were used to construct a similarity 141 matrix, , using R version 3.6.0 and the reshape2 package 50 as follows, where n = 2,218: 142 ( 6 , 7 ) denotes the ANI value shared by query and reference genomes 6 ANI as a similarity function is not symmetric (i.e., for all 6 , 7 , A 6 , 7 C ≠ A 7 , 6 C), as 153 minor differences between corresponding values in the upper and lower triangles of 154 existed: max L A 6 , 7 C, A 7 , 6 CN = 0.504, min L A 6 , 7 C, A 7 , 6 CN = 0, 155 mean L A 6 , 7 C, A 7 , 6 CN = 0.056, and median L A 6 , 7 C, A 7 , 6 CN = 0.046. As such, 156
is not a symmetric matrix (i.e., ≠ ). To coerce to a symmetric matrix, 157 , the following transformation was applied: 158
The hclust function in R's stats package was then used to perform average linkage hierarchical 160 clustering, using as the dissimilarity structure, and the resulting dendrogram was annotated 161 using the ggplot2, dendextend, 51 and viridis 52 packages. Dendrogram clusters formed at various 162 species thresholds (denoted here by \ , where \ = {4,5,6,7.5}, corresponding to ANI values of 163 96, 95, 94, and 92.5, respectively) were obtained by treating genome lineages which coalesced prior to \ as members of the same cluster (i.e., genomospecies), and those which did not as 165 members of different clusters. Medoid genomes were then identified within each cluster at each 166 threshold, using the pam function in R's cluster package 53 and as a dissimilarity structure, 167
where the medoid genome is defined as 168
where A 6 , 7 C = 100 − ( 6 , 7 ). 170
To construct a graph with each of the final set of 2,218 B. cereus group genomes 171
represented as nodes and ANI values represented as weighted edges, was converted to a 172 symmetric similarity matrix, , as follows: 173
The igraph 54 package in R version 3.6.0 was used to construct each graph, with treated as 175 an adjacency matrix, and edges with weights (i.e., ANI values) less than a similarity threshold n 176 (i.e., n = {92.5,95}) removed. 177
Phylogeny construction using single-copy core orthologous clusters identified in 2,231 B. 178 cereus group genomes. FASTA files containing amino acid sequences of protein-coding 179 features (.faa files) produced by Prokka version 1.12 44 were used as input for OrthoFinder 180 version 2.3.3. 55 Single-copy orthologous clusters present in all 2,231 genomes (i.e., single copy 181 core orthologous clusters) were identified using an iterative approach, in which OrthoFinder was 182 used to identify single-copy orthologous clusters core to n of the 2,231 B. cereus group genomes, 183 sampled randomly without replacement (where n = 30 or n = 11 for 74 and 1 [the remainder] 184 iteration[s], respectively). The union of single-copy orthologous clusters present in all n genomes 185 in each random sample of B. cereus group genomes was then queried again using OrthoFinder, 186 genomes. Nucleotide sequences of each of the 79 single-copy core orthologous clusters present 188 in all 2,231 genomes were aligned using PRANK v.170427. 56 The resulting alignments were 189 concatenated, and snp-sites version 2.4.0 57 was used to produce an alignment of variant sites, 190 excluding gaps and ambiguous characters. IQ-TREE version 1.6.10 58 was used to construct a 191 maximum likelihood phylogeny, using the alignment of core SNPs detected in all 2,231 B. Table  204 S2) 17-19,23 and using the widely accepted threshold of 95 ANI 15 as a hard genomospecies cutoff 205 produced non-overlapping, separable genomospecies clusters for B. albus (n = 11), "B. Supplementary Table S3 ). However, several 211 currently defined type strain-centric genomospecies clusters did not yield well-separated, reliable 212 genomospecies assignments, including genomospecies clusters formed by the type strains of (i) 213 Supplementary Table S3 ). 18, 68, 69 The type strains of newly described B. mobilis and B. 216 wiedmannii (published in 2017 and 2016, respectively) 18, 19 were also found to produce 217 ambiguous taxonomic classifications in which a genome could share ³95 ANI with both species 218 type strains ( Figures 1 and 2A1 and Supplementary Table S3 ). The largest source of ambiguity, 219 however, stemmed from bioterrorism agent B. anthracis and its neighboring lineages: the Supplementary Table S3 ). 19 While no genomes were 223 found to share ³95 ANI with three or more of B. anthracis, B. pacificus, B. paranthracis, and B. 224 tropicus genomospecies clusters, each pair of these four genomospecies clusters was found to 225 Table S3 ). 226
overlap (Figures 1 and 2A1 and Supplementary
The species overlap problem persisted at a 95 ANI threshold, even when medoid 227 genomes were used to represent genomospecies clusters instead of type strain genomes ( Figure  228 2A2 and Supplementary Table S4 ). All genomospecies clusters which were non-overlapping 229 when type strains were used for genomospecies assignment (e.g., B. pseudomycoides, B. 230 toyonensis) remained non-overlapping, except for B. proteolyticus, which was located at the more than 3.6 times fewer total multi-species classifications at ³ 95 ANI compared to 236 assignment based on species type strains; 405 genomes were assigned to 2 or more medoid-based 237 genomospecies clusters [18.2%], compared to 1,478 genomes assigned to 2 or more type strain 238 genomospecies clusters [66.2%] (Figure 2A ). 239
Genomic elements responsible for anthrax, emetic, and insecticidal toxin production 240
exhibit heterogeneous presence in multiple B. cereus group species using current 241 genomospecies definitions. Additional nomenclatural discrepancies arise when a trait of interest 242
is plasmid-encoded, as these traits are expected to be lost or gained more frequently than those of 243 chromosomal origin. Such is the case of the plasmid-mediated anthrax toxin genes often 244 associated with B. anthracis (edema factor-encoding cya, lethal factor-encoding lef and 245 protective antigen-encoding pagA): 70 93 of 241 (38.6%) genomes most closely resembling the B. 246 anthracis reference genome at ³95 ANI did not possess anthrax toxin genes cya, lef, and pagA 247 (Figures 3A and 3B and Supplementary Table S5 ). Notably, isolates which most closely 248 resemble B. anthracis by current species definitions (i.e., ³95 ANI), despite lacking the genes 249 necessary to produce anthrax toxin, do not appear to be particularly uncommon; such strains 250 have been isolated from a diverse array of environments (e.g., soil, animal feed, milk, spices, egg 251 whites, baby wipes), from six continents, as well as the International Space Station 252
( Supplementary Table S5 ). The classification of these isolates as B. anthracis could lead to 253 incorrect assumptions about the anthrax-causing capability of strains belonging to these lineages. not only B. anthracis, but in isolates which share phenotypic characteristics often associated with 256 "B. cereus" (e.g., motility, gamma bacteriophage resistance) as well. 10,24,37-40 Despite the 257 common assertion that B. anthracis is a clonal species with low diversity, 71-73 the species cluster 258 Supplementary Table S6 ). These three genomes most closely resembled the B. anthracis 265 reference genome, but also shared ³95 ANI with the B. paranthracis type strain genome 266
( Supplementary Table S6 ). The remaining four genomes derived from other anthrax-causing "B. 267 cereus" strains most closely resembled the B. tropicus type strain, shared ³95 ANI with the B. 268 paranthracis type strain, and shared between 94 and 95 ANI with the B. anthracis species 269 reference genome ( Supplementary Table S6 ). This separation of anthrax-causing B. cereus group 270 genomes into two genomospecies clusters at 95 ANI was maintained when medoid genomes 271 were used in lieu of type/reference genomes as well ( Figure 2A2 and Supplementary Table S6) . Supplementary Table S1 ). 292
The Cry and Cyt insecticidal proteins associated with popular biocontrol agent B. 293 thuringiensis (i.e., Bt toxins), which can be plasmid-mediated, are plagued by similar issues, as 294 B. thuringiensis has historically been differentiated from B. cereus s.s. by its ability to produce 295 insecticidal toxins (e.g., Cry and Cyt toxins). 77 However, genes known to encode these 296 insecticidal toxins were detected in nine of the 21 B. cereus group type strain genomospecies 297 clusters at the widely used genomospecies threshold of 95 ANI (B. albus, B. anthracis, B. cereus wiedmannii; Figures 3A and 3D ). These results are consistent with previous findings, as Bt toxin »92.5 eliminate the species overlap problem for B. anthracis and its neighboring lineages. 303
Numerous bacterial lineages have showcased a breakpoint in core genome similarity which is 304 close to a threshold 95 ANI. As such, the 95 ANI cutoff has been proposed to serve as an 305 adequate metric of delineation for many bacterial species. 15 However, pairwise ANI values for a 306 significant proportion of B. cereus group genomes, particularly B. anthracis and neighboring 307 lineages, fall within the 93-95 ANI range, with a breakpoint in core genome similarity occurring 308 close to 92.5 ANI (Figure 4 and Supplementary Figure S2 ). These characteristics, including lack 309 of a natural breakpoint in core genome similarity at 95 ANI and a breakpoint at »92.5 ANI, were 310 maintained when genomes were removed at quality and contamination filtering thresholds of 311 varying stringency (Supplementary Figure S1 ). Using a 92.5 ANI breakpoint for genomospecies 312 assignment, rather than 95, nearly eliminates the species overlap problem: only six of 2,231 313 genomes (0.269%) were assigned to 2 or more medoid-based genomospecies clusters at a hard 314 threshold of 92.5 ANI ( Figure 2 B2 and Supplementary Table S7 ). This can be compared to 315 18.2% and 66.2% of genomes assigned to multiple genomospecies clusters at 95 ANI when 316 medoid genomes and species type strain/reference genomes were used, respectively ( Figure 2  317 and Supplementary Tables S3 and S4) . 318
Additionally, at 92.5 ANI, the total number of B. cereus group genomospecies clusters is 319 reduced to 18, compared to 36 genomospecies clusters formed using medoid genomes at 95 ANI 320 Notably, even at a lowered threshold of 92.5 ANI, seven genomospecies clusters did not 328 possess type strains or reference genomes of any published species ( Supplementary Table S7 ), 329
indicating that putative novel B. cereus group genomospecies may be present among publicly 330 available genomes. One of these genomospecies clusters has recently been proposed as novel B. 331 cereus group species "B. clarus". 79 The remaining six genomospecies, which are composed of 332 environmental B. cereus group strains from soil and agricultural environments, have not 333 previously been proposed as novel species ( Supplementary Table S8 ). 334
DISCUSSION 335
When applied to bacteria, the taxonomic concept of "species" is notoriously ambiguous, 336 particularly in cases where taxonomy is intertwined with a mobilizable (e.g., plasmid-encoded) 337 phenotype, and even more so when that phenotype is a well-established component of the 338 medical or industrial lexicon. Taxonomic definitions based solely on phenotype lack nuance in 339 the omics era, as they ignore potential underpinning genomic diversity which could be leveraged 340 to provide a higher-resolution assessment of an isolate's pathogenic potential or industrial utility. Table S7 ). Due to the resolvability of genomospecies clusters at this 383 threshold, it follows that (i) a genome does not belong to a genomospecies if it shares ⪅ 92.5 384 with the genomospecies medoid genome; (ii) two genomes belong to the same 385 genomospecies if they share ⪆92.5 ANI with each other; (iii) two genomes belong to 386 different genomospecies if they share ⪅ 92.5 ANI with each other (i.e., in practice, one does 387 not need to use a genomospecies medoid genome for genomospecies assignment, but rather 388 any genome of known genomospecies; see Supplementary Tables S1 [genomospecies genomes belong to the genomospecies. As such, this genomospecies remains consistent with 454 its previous classification, and its previous name remains unchanged. 455
Previously proposed putative species 456
The following four putative B. cereus group genomospecies which have been proposed 457 previously remain unchanged:
x. "B. gaemokensis" (including type strain "B. gaemokensis" str. KCTC 13318) 460 xi. "B. manliponensis" (including type strain "B. manliponensis" str. JCM 15802) 461 xii. "B. clarus" (including type strain "B. clarus" str. ATCC 21929) 462
Putative novel species 463
The six putative genomospecies clusters xiii-xviii listed in Supplementary Table S8 have not 464 been proposed as novel species in the literature, and thus may eventually be adopted as novel cereus group species (a definition used in previous studies). 19 Emeticus" below for further clarification). 503
propose the biovars listed below. While phenotypic evidence of a trait assigned to a biovar is 506 ideal, biovars can also be predicted at the genomic level. When written, (i) the first letter of 507 the biovar is capitalized; (ii) the biovar name is not italicized; (iii) the biovar is appended to 508 the end of a species, subspecies (if applicable), or serotype name (if applicable), following 509 the non-italicized delimiter "biovar"; (iv) if applicable, multiple biovars follow the non- should be referred to as such, or as "B. paranthracis" 23 ). Furthermore, genomes can now only be 549 assigned to a single genomospecies (i.e., the species-overlap problem is eliminated), and a single, Additionally all isolates capable of producing anthrax toxin can be referred to as B. Anthracis, 558 while members of the "clonal" anthrax lineage can continue to be referred to as B. anthracis (the 559 subspecies short-form of B. mosaicus subsp. anthracis). We anticipate that these minor 560 nomenclatural changes will remain interpretable and actionable to those in medicine, public 561 health, and industry, while still remaining true to genomic definitions of bacterial species. 562
Finally, the proposed taxonomy is advantageous for its flexibility. The framework 563
proposed here can be easily expanded to account for additional important lineages or phenotypes 564 through the adoption of novel subspecies or biovars, respectively. For example, future biovars 565 (i.e., biovar Cereus) can be proposed to describe B. cereus group members capable of causing 566 diarrheal foodborne disease, as this form of disease involves multiple toxins and is not yet fully 567 understood. 87 The biovar nomenclature proposed here, along with revised genomospecies 568 definitions and the proposal of novel subspecies, provides a standardized framework for B. 569 cereus group classification, accounting for both phylogenomic diversity and phenotypic 570
heterogeneity. An open-source, freely available command-line tool for characterizing B. cereus 571 group genomes in silico using the framework proposed here can be found at: 572 https://github.com/lmc297/BTyper3. genomes) are colored by (1) closest matching type strain genome, or (2) closest matching 836 medoid genome of clusters formed at the respective ANI value. Graphs were constructed using 837 the graphout layout algorithm implemented in R's igraph package, using 500 iterations and a 838 charge of 0.02. 839 Kbp. Tip and branch labels are colored by (A) genomospecies assignment using medoid 841 genomes of genomospecies clusters formed at the widely used genomospecies threshold of 95 842 previously described Cry or Cyt insecticidal toxin-encoding genes. Phylogenies were constructed 845 using core SNPs identified in 79 single-copy orthologous gene clusters present in 2,231 B. cereus 846 group genomes. The type strain of "B. manliponensis" (i.e., the most distantly related member of 847 the group) was treated as an outgroup on which each phylogeny was rooted. Virulence genes 848 (cya, lef, and pagA; cesABCD) were detected using BTyper version 2.3.2 (default thresholds), 849 while insecticidal toxin-encoding genes were detected using BtToxin_scanner version 1.0 850 (default settings; presence and absence of high-confidence, previously known Cry-and Cyt-851 encoding genes are shown, with predicted putative novel insecticidal toxin-encoding genes 852 excluded). 853 Tip and branch labels are colored by genomospecies assignment using medoid genomes of 861 genomospecies clusters formed at proposed genomospecies threshold 92.5 ANI. Phylogeny was 862 constructed using core SNPs identified in 79 single-copy orthologous gene clusters present in 863 2,231 B. cereus group genomes. The type strain of "B. manliponensis" (i.e., the most distantly 864 related member of the group) was treated as an outgroup on which the phylogeny was rooted. 865 in the "Methods" section) and the average linkage hierarchical clustering method implemented in the hclust function in R. Blue tip labels denote the location of species type strain/reference genomes in the dendrogram, while tree height corresponds to ANI dissimilarity. Branch colors correspond to branch height within the tree. Dashed vertical lines appear at dissimilarities of 7.5, 6, 5, and 4, which correspond to ANI thresholds of 92.5, 94, 95, and 96, respectively (from left to right in order of appearance along the X-axis).
Figure 2.
Weighted undirected graphs constructed using symmetric pairwise average nucleotide identity (ANI) values calculated between 2,218 B. cereus group genomes from NCBI's RefSeq database with N50 > 20 Kbp (i.e., in the "Methods" section). Nodes represent individual genomes, while weighted edges connect each pair of genomes with a mean ANI value (A) ≥ 95, and (B) ≥ 92.5, where edge weight corresponds to the mean ANI value of the pair. Nodes (i.e., genomes) are colored by (1) closest matching type strain genome, or (2) closest matching medoid genome of clusters formed at the respective ANI value. Graphs were constructed using the graphout layout algorithm implemented in R's igraph package, using 500 iterations and a charge of 0.02. FastANI version 1.0 was used to calculate all pairwise ANI values. For histograms of pairwise ANI values calculated between genomes meeting additional quality thresholds, or colored according to closest species type strain/reference genome at a traditional ≥95 ANI threshold, see Supplementary Figures S1 and S2, respectively. Figure 5 . Maximum likelihood phylogeny of 2,218 B. cereus group genomes with N50 > 20 Kb. Tip and branch labels are colored by genomospecies assignment using medoid genomes of genomospecies clusters formed at proposed genomospecies threshold 92.5 ANI. Phylogeny was constructed using core SNPs identified in 79 single-copy orthologous gene clusters present in 2,231 B. cereus group genomes. The type strain of "B. manliponensis" (i.e., the most distantly related member of the group) was treated as an outgroup on which the phylogeny was rooted. Figure 6 . Taxonomic hierarchy for the proposed B. cereus group nomenclature. Taxonomic levels are listed in the left margin, with levels which are optional/not applicable to all organisms denoted as such. Rounded boxes shaded in light green correspond to possible taxonomic designations at their respective level, while blue boxes correspond to requirements an isolate and/or its genome must meet to be assigned that designation. Possible forms which the final taxonomic assignment can take can be found in the gray box at the bottom of the chart. 
cereus anthracis
Pairwise ANI with any genome of known species is ⪆ 92.5
